A series of ELMy H-mode discharges were achieved on Experimental Advanced Superconducting Tokamak (EAST) with low hybrid wave (P LHW = 0.5-1.7 MW at 2.45 GHz) and ion cyclotron resonance frequencies (P ICRF = 0.5-2 MW) as the auxiliary heating power in 2012. In double-null (DN) configurations, the experimental power threshold with a molybdenum wall (2012) appears to be lower than that with a graphite wall (2010). For lower single null (LSN) plasmas, the lower X-point configuration has a lower power threshold, and a significant reduction (∼25%) in the H-mode power threshold with 3.4 cm X-point movement is achieved. The lower X-point configuration on EAST has higher dR sep below zero (closer to the DN configuration). Better energy confinement is observed in DN compared with single null (SN) at the same power loss. For reasons not understood, when the ion grad-B drift is in a favourable direction for H-mode access (towards the X-point) for EAST's LSN configuration, H-mode is achieved in upper single null (USN) configurations, but not in LSN.
Introduction
Since the first experimental demonstration of H-mode [1] , the low-to-high confinement transition (L-H) studies have attracted considerable research effort and the problem of predicting the power threshold for the L-H transition in fusion devices has raised considerable interest for a long time, but so far there have been no compelling theories for this prediction. The transition may be affected by many factors, for example zonal flows [2] , E r [3] , neutral density [4, 5] , X-point geometry [6] [7] [8] [9] [10] [11] [12] [13] and so on. In AUG, MAST and the NSTX, a reduction in the L-H power threshold in double null (DN) is observed. A change in power threshold of about 50% for spherical tokamaks (MAST and NSTX), and 20% for a conventional tokamak (AUG) was found [14] . Not only has the L-H power threshold a lower state in DN, but the results also show a 30% increase in confinement in DN compared with single null (SN) at a constant heating power accompanied by a lower ELM frequency in DN in AUG and MAST [14, 15] . This was supported by NSTX data observing an increase of 16% in DN. Considering the L-H power threshold and the confinement, it seems that DN has an advantage over SN, which has been widely studied by most tokamaks in the world. Therefore, a comparison between SN and DN is needed.
EAST is a tokamak with the flexibility of DN and SN configurations. The first H-mode plasma was achieved by lower hybrid wave (LHW) alone (LHW is the sole auxiliary heating power) on 7 November 2010. H-mode results of the power threshold of the L-H transition on EAST in 2010 have been summarized [16] . The toroidal field in most H-mode discharges on EAST is anti-clockwise from the bird's-eye view, so the ion B × ∇B drift points towards the upper side, and the favourable direction for the L-H transition is the upper single null (USN). The direction of the toroidal field is determined by the sign of the value of the toroidal field in all the figures only in the SN configuration, i.e. B T = +2 T means the toroidal field is clockwise from the bird's-eye view, and B T = −2 T is anticlockwise. In this paper, power threshold and confinement are discussed in detail with different magnetic topologies.
Experimental description
EAST, as a full superconducting tokamak, is aimed at long-pulse (60-1000 s) high-performance operation.
0029-5515/13/073041+05$33.00 1 Figure 1 . Picture of the EAST in-vessel with a water-cooled molybdenum wall, and the direction of the plasma current and the toroidal field.
A water-cooled molybdenum wall has replaced the graphite wall in EAST since 2012, as shown in figure 1 . The device has a major radius of R = 1.75 m, minor radius of a = 0.4 m, an elongation range of 1.2-2, and multi-magnetic-configurations, including SN divertor, DN divertor and circular configurations with a limiter. The main operational parameters used for EAST experiments are as follows: an ohmic-heated hydrogen discharge with a plasma current I P = 100-500 kA, a toroidal field of 2 T at R 0 = 1.75 m, a line-averaged density of (0.5-4) × 10 19 m −3 , an edge value of safety factor of 2-10 [17] . EAST has demonstrated long-pulse H-mode operation with the aid of LH and ion cyclotron resonance frequencies (ICRF). The direction of the plasma current is anti-clockwise from the bird's-eye view, and all the discharges included in our H-mode study are deuterium plasmas.
LHW frequency range at 2.45 GHz is available for heating and current drive, with a parallel refractive index N of 1.6-2.6 and a typical full-width at half-maximum (FWHM) of 0.2 at N peak = 2.3. The maximum available power of lower hybrid current drive (LHCD) is about 1.5 MW. Details of the LHCD system can also be found in Wan's paper [17] . There are four ICRF transmitters on EAST. Three 1.5 MW ICRF transmitters with a frequency range 25-70 MHz, and the fourth 1.5 MW ICRF system with a frequency range 30-110 MHz. The maximum injection power is about 3 MW [18] , and all the discharges included in our H-mode study with ICRF are H minority heating.
To reduce the hydrogen concentration and recycling, wall conditioning by lithium (Li) evaporation was applied. The first Li coating on EAST was carried out in 2009, with only 2 g of Li evaporated at a single position. With extensive Li wall coating, EAST obtained its first H-mode plasma with type-III edge-localized modes (ELMs) with only 1 MW LHCD power on 7 November 2010 [5] . As the hydrogen concentration was reduced down to below 10%, effective ICRF heating was observed. To further reduce recycling and facilitate highperformance operation with an even longer pulse, graphite tiles were replaced with molybdenum tiles on the low heat load area of the plasma-facing components (PFCs) during the last shutdown, but remained on the divertor target plates, allowing baking up to 250
• C. In addition, the Li evaporation system was upgraded to improve the coating uniformity. These modifications led to a significant reduction in the hydrogen concentration in the 2012 campaign, from previously ∼10% to ∼4% after extensive Li wall coating, which allowed more effective ICRF heating under the minority heating scheme with hydrogen and consequently access to type-III ELMy H-mode with solely ICRF.
Power threshold
The H-mode power threshold is characterized by the total power loss to the plasma boundary, which is defined according to P loss = P tot − dW/dt = P oh + P aux − dW/dt where P oh is the ohmic power, P aux is the absorbed power contributed by LHW and ICRF on EAST and dW/dt is the time variation of the total plasma energy. The net power loss, P net = P th − P rad , may be a more appropriate quantity to characterize the H-mode power threshold. Upon examination, P rad for the discharges is mostly about 10% of the P aux and essentially independent of density. So the overall trend of P net differs from that of P th by an offset.
Early studies were focused on assembling data of P th from multiple devices into a database and extracting the empirical scaling law with global plasma parameters out of it. Regression analyses were carried out as the database expanded. These analyses generated a variety of power-law based empirical scaling laws. Among them, the one given by Martin et al [19] P thr cal08 [MW] = 0.049n
is the most recent version, and is widely used. Here,n e is in 10 20 m −3 , B T is in Tesla, and S is the surface area of plasma volume in m 2 . The three main dependences suggested by equation (1) are consistent with many earlier works [20] [21] [22] [23] [24] [25] [26] . The experimental power threshold (P loss ) increases with the plasma density in figure 2 , and the data in 2012 are below the scaling law. According to the experimental result of EAST in 2010 [16] , the experimental power threshold is almost above the scaling law. All the data we selected are based on the DN configuration with solely LHW as the auxiliary heating power. The material of the first wall is graphite in 2010, while it is molybdenum in 2012. Lower P th in a Be/W wall than in a carbon wall has been observed in JET reported by Maggi in the ITPA TC Group Meeting in Hefei, and there is a summary after the 39th European Physical Society Conference on Plasma Physics [27] . Although the material of the first wall on EAST is different from that on JET, the conclusion that a metal wall leads to a lower power threshold can still be drawn.
A change in the power threshold by varying the distance between the X-point and the strike point at the outside lower divertor (Xpt-strike point distance) was observed on EAST in 2010 [16] . According to the direction of the toroidal field (clockwise), it would be easier to obtain H-mode in USN, but we did not achieve H-mode with USN by LHCD only. Thus, the study of the X-point height effect on power threshold was conducted only in lower single null (LSN). A significant reduction in H-mode power threshold with the low X-point (shot: 38628) is validated in the LSN configuration as shown in figure 3(a) . Details of the magnetic configuration, in the X-point region are shown in figure 3(b) . A reduction (∼23%) in H-mode power threshold with the lower X-point is achieved by lowering the X-point by 3.4 cm. In DIII-D, the lower X-point in LSN shortens the distance from the scrape-off layer (SOL) region to the pumping inlet, and thus lowers recycling [11] . Neutral or recycling could be an important hidden variable behind the L-H transition [28] , which might be the reason for the lower power threshold. In C-Mod, the lower X-point in LSN is associated with a longer outer diverter leg length or low-field side (LFS)-SOL connection length L (here, L ∼ πq cylh R) [29] , and the values of ν SOL = L /λ e for the lower X-point tend to be larger. According to the recently developed FM 3 model,
SOL [30] , hence the lower X-point gives rise to a lower power threshold.
The LFS-SOL connection length has no distinct difference between the lower X-point discharges and the higher ones on EAST. The position of the pumping system on EAST is at the outer mid-plane, which is different from DIII-D. So the mechanism of the lower power threshold caused by the lower X-point should be different on EAST. The magnetic divertor balance is described by dR sep , which is radial separation at the LFS mid-plane between the flux surfaces connected to the upper and lower divertor X-points. The ion Larmor radius at the outboard mid-plane is on the order of 10 −5 m. An USN plasma is defined by dR sep > 1 cm, LSN by dR sep < −1 cm and DN by dR sep between −1 and 1 cm. When we shift the x-axis in figure 3(a) from the Xpt-strike point distance to dR sep (see figure 3 (c)), we found a possible answer. Figure 3(c) shows that dR sep increases with the Xpt-strike point distance, which means the lower X-point is closer to DN. Considering the effects of the plasma surface (S) on the threshold power, figure 4 is obtained. It indicates that DN has the lowest power threshold. Thus, approaching the DN configuration should be the reason for the lower power threshold caused by the lower X-point on EAST.
The lithium coating and dropping in the discharge can influence the power threshold, which has been clearly discussed in Xu et al 's paper [5] . The number of LHW H-mode discharges we selected is about 500 shots including H-mode and L-mode for about one week. According to the previous statistics, the uncertainty of the power affected by lithium is about 5%. The shot number including different X-points is from 38 400 to 38 700, so the uncertainty of the power loss should be within 3%. So we think all the conclusions about the power threshold should not be changed if we take the Li coating and dropping into account.
Most of the H-mode shots in 2012 are observed in DN and LSN on EAST. In order to discuss how the configuration affects the power threshold, three consecutive shots in B T = +2 T (clockwise) with the same plasma current, target plasma density and power loss but different configurations (#42020 LSN, #42023 DN and #42024 USN) are observed in figure 5 . The auxiliary heating power is a combination of LHW and ICRF. There is no L-H transition in the shot with LSN, while there is a clear L-H transition in the shot with USN and DN. Shots with LSN and USN have the same power loss and plasma surface, so USN should have a lower power threshold. If we take the effect of the plasma surface area into account, DN has the lowest power threshold. The toroidal field of the discharges included in this study is clockwise. LSN is with the ion grad-B drift in the favourable direction for Hmode access, that is pointing towards the X-point, but there is still no L-H transition. Therefore, we have got a strange result, which cannot be clearly understood. Lithium dropping is taken into account in shot #42020, while shots #42023 and #42024 have no lithium dropping. Therefore, lithium dropping might change the wall condition after shot #42020, and create conditions favourable for a lower power threshold in shots #42023 and #42024.
Energy confinement
The experimental energy confinement time is τ E = W/(P − dW/dt), where W is the plasma energy and P is the total injected power, and the most reliable scaling expressions since 1998 for the ELMy H-mode thermal energy confinement time (τ th ) is the so-called IPB98(y,2) scaling [31] : 
in units of s, MA, T, 10 19 m −3 , MW, m and AMU. The effective elongation is defined as κ α = S/(π a 2 ), where S is the plasma cross-sectional area. The enhancement of the energy confinement time with respect to the ITER 98(y2) scaling law, i.e. H -factor, versus the power loss is exhibited in figure 6 for a fixed power threshold of the scaling law P th cal08 ∼ 1.2 MW. The result shows that the H -factor tends to decrease when the power loss increases from 0.9 to 1.8 MW. Figure 7 shows the dependence of energy confinement time on the configuration dR sep . DN has the highest energy confinement time, while USN has the lowest.
Summary and discussion
The experimental power threshold in the 2012 EAST campaign is lower than the data in 2010; molybdenum wall might be the reason for the advantage of achieving L-H transition. DN has the lowest power threshold and the highest energy confinement time on EAST. H -factor decreases with increasing power loss, which is in agreement with the results of most tokamaks in the world.
Xpt-strike point distance increases with dR sep , which means the lower X-point discharge on EAST is closer to the DN configuration, and thus achieves a lower power threshold. ITER will operate in LSN, so a resembling DN configuration (dR sep ∼ −1 cm) should be a good option for the L-H transition. There is an odd result: USN with the ion B × ∇B drift pointing away from the active X-point on EAST has a lower threshold than LSN. This may be a coincidence, so further experiments and statistical analysis are needed in future. But it is very hard to obtain H-mode with USN even when USN is the favourable direction on EAST. Thus, we might question the ion B × ∇B drift theory, or there should be another dominant factor leading to the L-H transition on EAST, such as a change in neutral density by lithium dropping.
